The MMCs of Al/Al 3 Fe and A2218/Al 3 Fe composites were fabricated by injection of Fe particles into the Al melt through a plasma synthesis method. The elastic modulus and yield strength of the fabricated composites were evaluated through the measurement of ultrasonic velocity and room temperature compression test. The measured values were compared with the predicted ones based on the continuum mechanics approach for the elastic modulus and the micromechanics approach for the yield strength. The properties of Al/Al 3 Fe were well consistent with the predicted models, while the properties of A2218/Al 3 Fe exhibited lower values than the predicted ones. The deviations of the properties for A2218/Al 3 Fe were examined in terms of the matrix microstructures.
Introduction
Particulate-reinforced aluminum based metal matrix composites (MMCs) have a high potential for advanced structural applications due to their higher stiffness, superior strength, good elevated temperature resistance and improved resistance to wear. 1, 2) The MMCs have been synthesized by a number of techniques such as powder metallurgy, mechanical alloying, liquid metal infiltration, squeeze casting, spray codeposition, stir-casting and in-situ fabrication methods.
3) Among the many techniques available to synthesize the MMCs, an in-situ fabrication method has attracted great attention due to their strong interfacial bonding between the matrix and reinforcements. 4) Recently, much work has been reported on the development of the metal or intermetallic compound particle reinforced MMCs: in-situ Al/Al 3 Ti composites with the centrifugal casting of Al-Ti alloys, squeeze casting of A380/Fe, A201/AlFe-V-Si particles, stir-casting of Al/quasicrystalline Al-CuFe particles and in-situ Al/Al 3 Fe composites with the plasma synthesis method. [5] [6] [7] [8] [9] The plasma synthesis method (PSM) is a kind of in-situ formation methods of intermetallic compounds in the matrix and it involves incorporation of metallic particles into a molten metal using a plasma jet. In the process, the particles are heated and accelerated in the plasma arc, which helps the incorporation of the particles into the molten metal and further accelerates the in-situ formation of intermetallic compounds in the melt.
In the present work, in-situ Al/Al 3 Fe composites were produced by the PSM for both pure aluminum and the A2218 matrix alloy. During fabrication of the Al/Al 3 Fe composites by the PSM, some iron particles could dissolve into the matrix and change the matrix composition, and thus, the selection of the matrix alloy is extremely important. Among the various aluminum wrought alloys, A2218 allows maximum 1 mass%Fe. In addition, A2218 is a heat-treatable Al-CuMg-Fe-Ni forging alloy and is used as engine pistons and cylinder heads. Thus, A2218 requires thermal stability and improved wear properties as well as good mechanical properties. Al 3 Fe is a thermally stable intermetallic compound in aluminum and exhibits higher hardness. Thus, A2218 was selected as a candidate matrix alloy for the Al 3 Fe reinforced composites fabricated by the PSM. The aim of the present study is to evaluate the mechanical properties of the Al/Al 3 Fe composites fabricated by the PSM. The potential and problems for adopting the PSM to the present matrix alloy were also examined.
Experimental
The fabrication processing was carried out by a ValuPlaz TM Plasma Spray System (SULZER METCO Co., USA). Details of the experimental equipment were given elsewhere. 9) Aluminum ingots (99.9% purity) or A2218 alloy bars (produced by Dooray Air Metal Co., Ltd.) of 1 kg placed in a clay-graphite crucible with argon flux cover were heated by a high frequency induction furnace. The crucible with the molten aluminum was taken out from the chamber in the high frequency induction furnace, and was put into the chamber under the plasma spraying nozzle. As the spray processing began, the electromagnetic stirring equipment was switched on to distribute particles homogeneously in the molten aluminum. After the injection of iron particles reached a required value, the melt was poured into a steel mould with 85 mm in diameter. The main processing variables such as plasma spraying conditions and the temperature of the melt are summarized in Table 1 . The Fe powder used in the experiment was 99.9% purity and its mean particle size was about 90 µm. The chemical compositions of the A2218 matrix alloy and as-cast A2218/Al 3 Fe composites are given in Table 2 .
The as-cast Al/Al 3 Fe composites were swaged at room temperature with a 4:1 swaging ratio. The as-cast A2218/ Al 3 Fe composites were extruded at 390
• C with a 35:1 extrusion ratio after homogenization treatment at 500
• C for 8 h. The extruded bar was solution treated at 510
• C for 5 h and aged at 170
• C. Standard metallographic techniques were employed to ex- amine microstructures of the samples. The microstructures were characterized using an optical microscope, a scanning electron microscope (JSM 5800) equipped with an energy dispersive X-ray spectrometer (EDS). The identification of phases was carried out using a Rigaku X-ray diffractometer (XRD) with CuKα radiation at 40 kV and 30 mA. The elastic moduli of the samples (15 mm diameter and 10 mm length) were evaluated by measuring both longitudinal and shear wave velocities in the sample. The wave velocity was measured using a transducer (5 MHz, probe diameter: 6.25 mm) connected with the USD 15 generator and Data6100 data acquisition equipment. The mechanical properties of the samples were evaluated by means of compression tests (strain rate: 7 × 10 −3 s −1 ) performed on the polished specimens of 8 mm diameter and 12 mm length.
The thermal analysis was performed for the A2218 and A2218/Al 3 Fe alloys under argon atmosphere at a heating rate of 0.5 K/s by the differential scanning calorimetry (DSC 2910, TA Instruments).
Both the macrohardness and microhardness were measured for the A2218 and A2218/Al 3 Fe alloys using the Rockwell B scale and a micro Vickers hardness tester under a 10 g load. Figure 1 shows microstructures of as-cast and as-swaged Al/Al 3 Fe composites (P16). The microstructures were composed of the α-Al and small needle-like and angular-shaped iron aluminide. From the X-ray diffraction pattern, the iron aluminide was identified as Al 13 Fe 4 (sometimes referred to Al 3 Fe) regardless of its morphology and no other phases such as AlFe, Al 2 Fe, Al 6 Fe and AlFe 3 were identified (Fig. 2 ). In addition, small amount of Al 5 Fe 2 was detected in the X-ray diffraction pattern. This phase was observed only in the interfacial layer of partial-reacted Fe particles and the formation of Al 5 Fe 2 by the PSM is discussed elsewhere.
Results

Microstructures
10) The angular- shaped Al 3 Fe intermetallic compound originates from the reaction of the Al melt and Fe particles, and the needle-like Al 3 Fe intermetallic compound crystallizes after dissolution of the Fe particles into the Al melt.
11) The size distribution of the Al 3 Fe intermetallic compound was measured using an image analyzer for the as-cast samples and it was confirmed that more than 90% of Al 3 Fe was in the range from 5 to 15 µm. The Al 3 Fe became finer and the distribution of particles became uniform when the material was cold swaged. This is due to the occurrence of particle fracture during the cold deformation.
12) The same microstructural features were obtained for P13 and P14 samples except for the total volume fraction of Al 3 Fe and the ratio of the volume fraction for the angular and needle-like morphologies, indicated in Table 1 . Figure 3 shows the microstructures of as-cast and solution- treated A2218/Al 3 Fe composites and its monolithic alloy. In the as-cast sample, Al 3 Fe is embedded in the dendritic microstructures of the A2218 matrix alloy. When comparing the A16 sample with the A19 one, it can be seen that more iron particles are incorporated into the matrix and the fraction of dendrite regions is less in the A19 sample. This difference is associated with the difference of the processing conditions. When the specimens were solution-treated after hot-extrusion, second phase compounds and Al 3 Fe particles became spherodized. The A2218 is an Al-Cu-MgFe-Ni alloy and produces various second phase compounds.
To make clear the change of the second phase compounds in the microstructures of A2218 and its composites, the XRD and SEM/EDS analyses were performed on each sample and the XRD results are shown in Fig. 4 
Elastic modulus
The elastic modulus values determined for the Al/Al 3 Fe and A2218/Al 3 Fe composites are plotted in Fig. 5 with the curves predicted by the Halpin-Tsai and Wakashima relationships. For the particle reinforced MMCs, the elastic modulus values are known to be well described by the Halpin-Tsai eq. (1) 13) and Wakashima relationships eq. (2) 14, 15) as follows.
q is a function of E and s and is given by
and
where, E, V , and s are elastic modulus, volume fraction and the aspect ratio of the reinforcement, respectively. The subscripts c, m and p refer to the composite, matrix and reinforcement. In calculation, the modulus of Al, A2218 and Al 3 Fe was taken as 68, 75 and 190 GPa, respectively. 15) It was also assumed that the particles were almost spherical and distributed homogeneously as was assumed in deriving the above equations. The measured value for A2218 corresponds to the reported value.
16) It can be seen that the measured values for the composites agree well with the predicted ones, although a little lower than the predicted ones. This indicates that the interfacial strength is not sufficiently enough to increase the modulus to the expected values. Partial-reacted particles are observed in the microstructures and the presence of the partial-reacted Fe particles is thought to be associated with the degradation of properties of the materials. It is verified that the interfacial layer of the partial-reacted particles is composed of Al/Al 13 Figure 6 shows microstructures of the cross-section of the compressed specimens, demonstrating that no damage occurs at the interface of Al/Al 3 Fe (Al 13 Fe 4 ) but occurs along the Al 13 Fe 4 /Al 5 Fe 2 interface.
Yield strength
The yield strength determined for the Al/Al 3 Fe and A2218/Al 3 Fe composites through the compression test is plotted in Fig. 7 . It is demonstrated that the addition of Al 3 Fe increases the yield strength from about 60 MPa to more than 150 MPa for pure aluminum and from about 290 MPa to around 360 MPa for A2218. The strengthening mechanism which may operate in the particle reinforced MMCs has been considered in several publications, [17] [18] [19] [20] and the behavior has been modeled mathematically. The models are grouped into the continuum mechanics and micromechanics approaches. It is reported that the micromechanics approach well predicts the strength for the particle reinforced MMCs. 1) In the micromechanics approach, the principal strengthening mechanism for the particle reinforced MMCs would include dislocation strengthening, ∆ρ dis , Orowan strengthening, ∆ρ orowan , sub-grain strengthening, ∆ρ gb , work hardening, ∆ρ wh , and solid solution strengthening, ∆ρ solute . 19, 21) Linear summation of such terms is often used to predict the yield strength of the MMCs. Among the terms, Orowan strengthening is negligible when particles are larger than 1 µm. 19) Thus, the predicted yield strength in this study was calculated as follows:
The detailed expression of each term in the eq. (3) and parameters used in the calculation are given in Tables 3 and 4 , respectively. Furthermore, in the calculation, the particle size is fixed as 5 µm (upper boundary) and 15 µm (lower boundary). It can be seen that the measured values well agree with the predicted ones for the Al/Al 3 Fe composites, while the A2218/Al 3 Fe composites exhibit a little lower values than the predicted ones, especially, for the specimen A16 (Fig. 7) .
Discussion
Properties of Al/Al 3 Fe
The microstructures of Al/Al 3 Fe are rather simple and composed of the α-Al and small needle-like and angularshaped Al 3 Fe compounds. The angular-shaped Al 3 Fe compound is formed through the in-situ reaction of Al and Fe particles, and the small needle-like Al 3 Fe compound crystallizes after dissolution of the Fe particles during fabrication of materials. Even though the origin of Al 3 Fe is different, both intermetallic compounds have the same crystal structures. In addition, the size of the needle-like Al 3 Fe formed by the PSM is extremely fine compared with the needle-like Al 3 Fe formed by the conventional melting and casting (CMC) process. Thus, the properties such as elastic modulus and yield strength for Al/Al 3 Fe are not sensitive for processing variables and well agree with the predicted values.
To compare the properties of Al/Al 3 Fe fabricated by the PSM with those of the conventional melting and casting (CMC) process, the Al-Fe alloy was fabricated by the conventional gravity casting. In the case of Al-Fe by the CMC process, the yield strength decreases sharply beyond about 12 vol%Al 3 Fe (almost 7 mass%Fe) (Fig. 7) and thus this composition is thought to be the limit for the addition of Fe by the CMC process. On the contrary, Al/Al 3 Fe fabricated by the PSM exhibits good properties even up to 16 vol%Al 3 Fe (almost 10 mass%Fe). This is due to the unique microstructural features obtained by the PSM.
Properties of A2218/Al 3 Fe
The A2218/Al 3 Fe composites exhibit rather complicated microstructures unlike the Al/Al 3 Fe composites, It is verified that the dissolution of Fe particles occurs during fabrication of Al/Fe by the PSM. 11) In addition, the degree of the dissolution of Fe particles depends to a large extent on the fabrication conditions such as the plasma spraying conditions and the temperature of the melt. Thus, when the A2218/Al 3 Fe composites are fabricated by the PSM, it is expected that the dissolved Fe changes microstructures of the matrix alloy. In this study, the A2218/Al 3 Fe composites were fabricated under the two typical conditions with the different degree of Fe dissolution. Even though the degree of Fe dissolution could not be quantified on the viewpoint of microstructures, it was confirmed that the properties of A2218/Al 3 Fe show negative deviation from the expected values and the degree of property deviation becomes significant at the processing condition which increases the degree of Fe dissolution in the matrix.
As can be seen in the microstructures, new second phase compounds such as Al 7 Cu 2 Fe are formed in the matrix due to the dissolution of Fe particles. It is reported that the formation of Al 7 Cu 2 Fe is not harmful for the mechanical prop- erties of the materials. 22) Thus, another factor is expected to operate for the deviation of properties for A2218/Al 3 Fe. It is expected that the dissolution of Fe could change the chemical compositions of the matrix alloy. The matrix composition was analyzed by the SEM/EDS and it was confirmed that the Cu content decreased by about 1 mass% and Fe con- 
Strengthening effect Expression
Dislocation strengthening
G is shear modulus. b is burger's vector. α is a constant between 0.5 and 1. and θ (CuAl 2 ), and the precipitation sequence depends on the ratio of Cu:Mg. 23) In addition, Fe atoms preferentially combine with the vacancies and suppress the formation of GPB zones. Thus, the decrease of the Cu content and increase of the Fe content in the matrix can change the precipitation sequences of A2218/Al 3 Fe. Figure 8 shows the DSC curves for A2218 and A2218/Al 3 Fe. The formation and dissolution of GPB zones and formation of S and θ peaks are clearly observed for A2218, while each corresponding peak cannot be clearly divided for A2218/Al 3 Fe. Accordingly, hardness changes can be also expected. Macrohardness for both materials was measured using a Rockwell B scale and microhardness of the matrix for both materials was measured under a load of 10 g using a Vickers microhardness tester. Figure  9 shows the variation of macro and microhardness for A2218 and A2218/Al 3 Fe with aging time. In the early stage of aging, both hardness values for A2218/Al 3 Fe exhibit higher than those for the A2218 alloy. On the contrary, in the peak aging stage, A2218 exceeds its composites for microhardness and both materials exhibit slight difference in the macrohardness. Thus, the deviation of properties for A2218/Al 3 Fe from the expected values is thought to be associated with the decrease of the matrix strength. This result also indicates that the matrix strength plays a significant role in the mechanical prop- erties of the composites materials. Furthermore, the macrohardness of the A2218/Al 3 Fe composites does not change remarkably with aging time, demonstrating their potential applications as the thermally stable materials.
Conclusions
The MMCs of Al/Al 3 Fe and A2218/Al 3 Fe composites were fabricated by injection of Fe particles into the Al melt through the plasma synthesis method (PSM). The microstructures of Al/Al 3 Fe are composed of the α-Al and small needlelike and angular-shaped Al 3 Fe compounds and the properties such as elastic modulus and yield strength well agree with the predicted models. When Fe particles are incorporated into the A2218 matrix alloy, some portion of Fe particles dissolves into the matrix to change the chemical composition, which results in the formation of second phase compounds in the matrix alloy. The properties of A2218/Al 3 Fe exhibit lower values than the predicted ones due to the changes in the matrix microstructures.
